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State-of-the-art impact-modeling studies in environmental and climatological sciences
require detailed future deforestation scenarios that allow forest to be replaced by a
mosaic of multiple successional land-cover types, rather than the simple conversion
of forest to a single land-cover type, such as bare soil or cropland. Therefore, not
only the amount and location of forest removal has to be known (as is typically
provided by scenarios), but also knowledge about the successional land-cover types
and their relative areal proportions is needed. The main objective of this study was to
identify these successional land-cover types and quantify their areal proportions in
regions deforested during the past 37 years around the city of Kisangani, D.R.
Congo. The fallow vegetation continuum was categorized in different stages, adapted
from existing classifications. Ground-truth points describing the present-day vegeta-
tion were obtained during a field campaign and used for supervised and validated
land-cover classification of these categories, using the Landsat image of 2012. Areal
proportions of successional land-cover types were then derived from the resulting
land-cover map. The second objective of this study was to relate these areal propor-
tions to time since deforestation, which is expected to influence fallow landscapes.
Landsat images of 1975, 1990, and 2001 were analyzed. Present-day mature tree
fallow is less abundant on areas deforested during 1975–1990. The relative areal
proportions were used to refine a deforestation scenario and apply it to existing
data-sets of LAI and canopy height (CH). Assuming a simple conversion of forest to
cropland, the deforestation scenario projected a reduction of grid-cell-averaged CH
from 25.5 to 7.5 m (within deforested cells), whereas the refined scenarios that we
propose show more subtle changes, with a reduced CH of 13 m. This illustrates the
importance of taking successional land cover correctly into account in environmental
and climatological modeling studies.
Keywords: successional land cover; GIS; land cover change; Central Africa; fallow
cycle
1. Introduction and problem statement
Future deforestation scenarios are essential for impact-modeling studies in environmental
(e.g., biodiversity) and climatological (e.g., carbon stocks, land-atmosphere fluxes)
sciences. For many studies investigating the impact of deforestation on the regional
climate, the uncertainty of the results is often related to the implemented deforestation
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scenario. The first climatologically applied deforestation scenarios consisted of a mass
removal of all rainforest, replaced it either with bare soil (BS), crops or grassland, and
involved a horizontal resolution of 100–300 km (Polcher & Laval, 1994; Semazzi &
Song, 2001; Sud et al., 1996). Over time, a more detailed approach was adopted by
implementing existing future land-cover projections, such as IMAGE (Strengers,
Leemans, Eickhout, Vries, & Bouwman, 2004). These still relatively coarse-resolution
projections (around 50 km), usually predict for the next 50 years, contain spatially expli-
cit processes of fragmented desertification and deforestation, and have frequently been
used in climatological impact studies (e.g., Defries, Bounoua, & Collatz, 2002; Feddema
et al., 2005; Maynard & Royer, 2004). Even though progress has been made during the
last decade by systematically improving the resolution of the scenarios (e.g., Zhang,
Justice, Jiang, Brunner, & Wilkie, 2006), spatially explicit deforestation scenarios are
still mostly binary (i.e., indicating grid cells which are converted from forest to
non-forest). The scenarios are suitable to be implemented as such in the older-generation
simple climatological and environmental models (Figure 1(a)).
With the possibility of including a more complex land surface in recent state-of-
the-art models (e.g., Community Land Model; Oleson et al., 2010), there is a growing
need for more detailed deforestation scenarios: a reference land grid cell is no longer
an homogeneous unit and can contain, not just one, but several land cover types (“Plant
Functional Types” or “PFT’s”): this is the so-called tile approach. Its difference with
the simple models is depicted in Figure 1 (compare left panels in 1(a) and (b)). The
advantage of this approach is that, even with a large horizontal land grid cell resolution
of around 50 km, the impact of a certain areal proportion of different land-cover types
(e.g., on the regional climate) can be simulated. Hence, when implementing a deforesta-
tion scenario in complex tile-using models (Figure 1(b)), it is no longer sufficient to
know how much and where deforestation takes place (as usually provided by the sce-
nario), but ideally also where successional vegetation types occur in place and in which
relative proportions (i.e., multiple-class forest conversion, cf. arrow (2) in Figure 1(b)).
If this information is lacking, the implementation of the scenario should be undertaken
using a single-class forest conversion by assuming one successional land-cover type for
the entire deforested area, for which soil or cropland is usually chosen (cf. arrow (1) in
Figure 1(b)).
Studies have been performed on tropical fallow succession after rainforest clearing,
including a detailed description of fallow stages, duration, and temporal evolution
(Bazzaz & Pickett, 1980; Styger, Rakotondramasy, Pfeffer, Fernandes, & Bates, 2007)
and more specifically for the Congo Basin (Lebamba et al., 2009; Makana & Thomas,
2006). Styger et al. (2007) demonstrated the importance of cultivation history and time
since deforestation for the characterization of fallow vegetation. However, none of these
studies quantify the relative areal proportions of different succession stages: how much
cleared land is typically occupied by crop fields, young fallow, or new forest? The only
source of information, especially for the Congo Basin rainforest, is the geographical
information system (GIS) literature, such as remote sensing studies, discussing image
classification with single-moment (or “snapshot”) distributions of land-cover classes
(Mayaux, De Grandi, & Malingreau, 2000; Vancutsem, Pekel, Evrard, Malaisse, &
Defourny, 2009). However, in contrast to the above-mentioned studies on fallow
succession, GIS studies are limited in describing the land-cover classes and often group
successional vegetation together in a single class (e.g., rural complex, agricultural matrix).
The main aim of this study is to address these issues by identifying the present-day
successional land-cover types and quantifying their areal proportions. Using GIS, this is
2 T. Akkermans et al.
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achieved by combining a detection of historically deforested areas with a present-day
classified land-cover map (including explicit representation of the successional fallow
cycle). Secondly, an additional objective of this study is to calculate these proportions
for areas with different deforestation age, since the characterization of successional
vegetation types is related to time since deforestation (Styger et al., 2007). This relation
is investigated by categorizing the deforested region in three areas according to time
since deforestation, in near-decadal deforestation periods. Ideally, denser time series,
Figure 1. Implementation of a binary deforestation scenario in four grid cells of a (a) simple
model and (b) complex or tile-approach model. In the reference situation of the complex model
(left panel), the two grid cells on the left have initially a 100% forest cover and the two grid cells
to the right have only 70%. The implementation of the scenario (right panels) can be done by (1)
converting forest to a single non-forest land-cover type (question marks), assigned to, for
example, BS or cropland (single-class conversion), or (2) by replacing the forest by a mosaic of
successional land-cover types with areal proportions as e.g., derived from this study (multiple-
class conversion). TMFO = Tropical Mature Forest. Other acronyms are successional vegetation
stages.
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and hence more deforestation periods, are used for this purpose; however, this was not
possible due to the excessive cloudiness in equatorial rainforest regions, resulting in a
limited availability of Landsat scenes free of clouds and artifacts.
Existing binary deforestation scenarios can then be complemented with these
successional land-cover types and their areal proportions through multiple-class forest
conversion (arrow (2) in Figure 1(b)). Through this approach, the discrepancy between
the supply side (binary deforestation scenarios on a coarse resolution) and demand side
(more complex models requiring detailed scenarios) is bridged. Recent climatological
studies, in particular, are trying to quantify the impact of deforestation such that it is
“as realistic as possible” (e.g., Maynard & Royer, 2004); this objective is, however,
limited by the binary nature of the available scenarios (i.e., forest to non-forest) only
allowing single-class forest conversion (arrow (1) in Figure 1(b)). Knowledge about the
typical successional vegetation types and their relative areal proportions is therefore
necessary and could, if available, improve the degree of realism in such climatological
studies.
Complementing deforestation scenarios with multiple-class forest conversion is
especially important when considering a diverse patchwork of successional land-cover
types. Since this is the case for shifting cultivation systems, as typically observed in
Central Africa (Russell, Mbile, & Tchamou, 2011), the frontier zone of the Congo
Basin rainforest is a suitable study area. Furthermore, the Congo Basin rainforest is the
second largest dense tropical forest in the world, and despite the projections of high
population growth and potential deforestation pressure (Zhang et al., 2006), only a few
modeling studies have investigated the climatological impact of deforestation in this
region (Maynard & Royer, 2004), compared to the other major rainforest regions.
In this paper, Section 2 documents the study area and the data sources used.
Section 3 covers the most important methodological steps in the analyzes, including the
definition of vegetation classes used in the supervised classification. Section 4 provides
a chronological sequence of auxiliary and main results: first, a deforestation age
assessment was conducted, in which historical deforestation was detected and mapped
(Section 4.1). Subsequently, the present-day land cover was classified in a number of
detailed land-cover classes and then validated (Section 4.2). The main objective,
however, was the identification of present-day successional land-cover types and the
quantification of their areal proportions, presented in Section 4.3. The present-day land
cover is related to the areas of historical deforestation, and, from that, a relative
distribution of present-day land-cover classes was derived. The second objective was to
investigate the dependency on time since deforestation, which is also shown in this
section. Finally, Section 4.4 illustrates and quantifies the use of the previously obtained
main results by projecting gridded fields of two ecological parameters (LAI and canopy
height (CH)) to the year 2050 according to an existing deforestation scenario: first with
a single-class conversion (forest-to-crops) and second with a multiple-class conversion
by assessing the area of forest removal to a mosaic of successional land-cover classes
with relative areal proportions derived from this study.
2. Materials
2.1. Study area
Kisangani (0°31′0′′N 25°12′0′′E) is the third largest city of the D.R. Congo and the
largest urbanized center in the midst of the vast Congo Basin rainforest (Figure 2).
Outside the urban center, the rural population has, since colonial times, concentrated
4 T. Akkermans et al.
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along the major transport axes (roads and navigable rivers) in typical, linearly
constructed villages. The livelihood of the people is derived from a diverse array of
activities of which slash-and-burn agriculture is practiced by the majority of households
(also referred to as swidden agriculture or shifting cultivation) (Russell et al., 2011).
The agricultural system results in a shifting patchwork of cultivated fields, fallows,
secondary forests, and remnants of primary forests. Agriculture is primarily practiced
for subsistence (typical crops are cassava and plantain) but, with the main cash crop
being rice, market-oriented production is also important in the study area, as Kisangani
is relatively nearby. Forest clearing for agriculture is intensifying, due to population
growth in Kisangani and villages, and forms the principal driver of deforestation in the
Congo Basin rainforest (Norris et al., 2010). This scale is in contrast to that of many
other tropical forests (e.g., the Amazon), where industrial-scale clearing is more
important and is focused on large-scale agriculture and cattle ranching (Butler &
Laurance, 2008). Artisanal charcoal production is an additional but minor contributor to
wood logging activities that result in forest degradation.
2.2. Data
2.2.1. Remote sensing imagery
This study is based on a selection of one Landsat Multispectral Scanning System
(MSS; 1975), two Thematic Mapper (TM; 1990, 2001), and one Enhanced TM
(ETM+; 2012) image(s) from scene 176/060 located in the D.R. Congo and containing
the city of Kisangani with its surrounding rainforest (Figure 2). The image of 1975
(MSS) has a native grid-cell resolution of 60 m; the other three images (TM/ETM+)
are more detailed, with a resolution of 30 m. Acquisition dates providing cloud-free
imagery were mainly during the driest month (January, 53 mm/month), although the
2001 image was acquired in March. As the dry period is short, with less than 60 mm
precipitation, the region is classified as a tropical monsoon climate, despite its
proximity to the Equator and an average annual precipitation of 1620 mm and relative
humidity of 86%.
Prior to any analysis, we converted all four images (1975, 1990, 2001, and 2012)
from raw digital numbers to top-of-atmosphere (TOA) reflectance values (%) by
applying a radiometric correction, which makes use of acquisition date and sun eleva-
tion to calculate image-specific conversion parameters (offset and gain). This procedure
Figure 2. Location of study area. Red: D.R. Congo; Orange: Cutout of Landsat image 170/060
for analysis. Green: Dense humid forest of Central Africa (FACET, 2010).
Physical Geography 5
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largely removes differences due to solar zenith angle, earth-sun distance, and sensor
differences between multi-temporal image series (Bruce & Hilbert, 2006). Correction of
TOA reflectance to surface reflectance is not necessary when considering image
classification and post-classification change detection (Song, Woodcock, Seto, Lenney,
& Macomber, 2001). This is the case in our analysis, hence we omitted such correction
in the data pre-processing.
2.2.2. Collected and post-processed data from field campaign
An observational field campaign was conducted between 13 May 2012 and 4 June
2012 throughout recently (0–35 year) deforested areas up to the forest frontier. On a
regular basis, we recorded ground-truth points describing the dominant land cover and
noted their geographical position within the forest frontier zone, spatially spread as
much as possible across the study area (Figure 3), with a total sample size of 1785 data
points. We used the data obtained to validate the supervised image classification, which
focused on different successional classes.
Furthermore, we observed tree height and leaf area index (LAI). We used these data
to validate an existing gridded data-set of CH and LAI for primary forest (Section 2.2.3)
and to derive these parameters for young secondary forest (TYSF), which is not
represented in the data-set. The gridded data are used in the illustrative application of
the results (Section 4.4). Observations were only undertaken for vegetation types
containing closed-canopy trees, which ranged from TYSF to mature forest.
CH was measured directly using a hand-held laser altimeter, with sample sizes
n = 136 and 58 for TYSF and mature forest, respectively. Simultaneously, we
Figure 3. Overview map. The red square indicates a representative example, shown in detail in
Figure 7, and orange squares indicate two sub-regions in which the analyzes are also done for
the period 1959–1975. Black dots are ground truth points describing the dominant land cover.
6 T. Akkermans et al.
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observed canopy light transmittance indirectly by taking the proportion of
below-canopy to above-canopy light (Qi/Q0), measured using a hand-held photometer.
The relation between light transmittance and LAI is described by the Beer–Lambert
law (Equation (1)):
LAI ¼ In Qi
Q0
 
 k1 (1)
Only the extinction coefficient (k) has to be known. The dimensionless coefficient
characterizes the interception and distribution of light by the canopy and its vertical
attenuation through the vegetation crown. The extinction coefficient depends on vegeta-
tion type. For mature forest, we used the mean value as found by Wirth, Weber, and
Ryel (2001), which is 0.78. Although early species in tropical vegetation succession are
characterized by a lower LAI, they tend to have higher extinction coefficients
(Kitajima, Mulkey, & Wright, 2005). Hence, for TYSF, we took the highest value of k
found in the literature for tropical vegetation, being 0.88 (Cournac, Dubois, Chave, &
Riéra, 2002; Emmons et al., 2006).
2.2.3. Gridded data-sets of LAI and CH
LAI and CH are provided in a spatially explicit gridded data-set of Lawrence and
Chase (2007) for 17 PFT’s using a tile approach. The data are derived from MODIS
imagery with a horizontal resolution of 5 × 5 km. Common tropical PFT’s in the
data-set are BS, crops, grass, and broad-leaved tropical evergreen forest (Figure 4(a)).
Each grid cell can contain multiple PFT’s with a certain areal proportion, defining the
grid-cell-averaged ecological parameters (e.g., CH in a given grid cell is calculated as
areally weighted average of PFT-specific values for CH in the cell). Typically, a
densely forested grid cell is composed of about 70–80% primary forest complemented
by a remainder of grass and/or small trees, on average resulting in a grid-cell-averaged
CH of 25.5 m and LAI of 4.3 m²/m². Maps with the present-day reference situation of
gridded CH (CH2000), and (LAI2000) are shown in Figure 4(c) and (d).
3. Methodology
The main objective of this study was to calculate relative areal proportions of present-
day successional land-cover classes, which can be used subsequently to complement
future binary deforestation scenarios with a multiple-class conversion of forest, instead
of the less accurate single-class conversion of forest to a single successional land cover.
The methods used to achieve this objective are shown in a conceptual flowchart
(Figure 5), which also shows the corresponding auxiliary and main results.
3.1. Deforestation age assessment
Primary forest in each image (1975, 1990, 2001, and 2012) is discriminated from a
remainder class using the unsupervised ISODATA technique (Ball & Hall, 1965). The
term “deforestation” is used in this study to indicate the anthropogenic transition from
primary forest to any other non-primary forest land-cover type. We then created three
deforestation maps by subtracting each consecutive pair of forest maps from each other,
resulting in maps of deforested area from 1975–1990, 1990–2001, and 2001–2012
(“deforestation age assessment”; arrow (3.1) in Figure 5). From these maps, we
Physical Geography 7
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Figure 4. (a) Initial areal percentage of the PFT “Broadleaf Evergreen Tropical Forest” in each
grid cell; (b) binary future deforestation scenario for 2050 of Zhang et al. (2006); (c–d) reference
situation: gridcell-averaged CH (c) and LAI (d) (CH2000 from Lawrence & Chase, 2007); (e–f)
future projection of CH (e) and LAI (f) (CH2050 and LAI2050) using the scenario of Zhang et al.
(2006), replacing the portion primary forest in every grid cell by a mix of successional vegetation
types (multiple-class conversion); and (g–h) A12050 calculated by converting the portion primary
forest in every grid cell to cropland (single-class conversion).
8 T. Akkermans et al.
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calculated the absolute deforested area (km²), as well as deforestation rate per period
(km²/year). The rates are temporal averages (time-normalized), which makes deforesta-
tion in the different periods comparable. To make sure that no false deforestation is
taken into account, only grid cells with a single and permanent shift from primary for-
est to any other land-cover class (either during 1975–1990, 1990–2001, or 2001–2012)
are considered “deforested.” The image of 2012 has artifacts in the form of stripes: due
to the above-mentioned restriction, these artifacts propagate to the maps of all three
deforestation periods; however, they do not influence the results quantitatively since
they are evenly distributed over the image and are not taken into account for any of the
analyzes (the grid cells affected by stripes were marked “invalid” and not included in
the subsequent calculations and algorithms).
Aerial photographs from 1959 were used to complement the Landsat analyzes in
two small sub-domains, allowing extension of the analysis back in time. We stitched
together and georeferenced the photographs and digitized polygons containing primary
forest. We then rasterized the vector maps to Landsat-sized pixels in order to compare
them quantitatively with the other maps.
3.2. Supervised classification of present-day land cover
3.2.1. Defining vegetation classes
Different vegetation classes were defined a priori. Where possible, we did this using
existing studies on successional fallow stages observed in tropical Africa: Styger et al.
(2007) analyzed tropical vegetation succession after rainforest clearing in Madagascar
and discriminated different fallow stages with their own specific characteristics, and
Lebamba et al. (2009) derived forest succession stages from pollen data in Central
Africa, partly resulting in the same fallow stages as found by Styger et al. (2007).
Classes used in this study were BS, tropical young cultivated (TYC), tropical old
cultivated (TOC), tropical forest regrowth (TFRE), tropical TYSF, and tropical mature
or primary forest (TMFO) (Figure 6). An overview of class descriptions from Styger
Figure 5. Methodological flowchart. Black solid arrows indicate the unsupervised ISODATA
identification of primary forest, resulting in near-decadal deforestation maps allowing the assess-
ment of deforestation age and the calculation of their respective deforested areas. The dotted
arrow indicates the supervised classification, which resulted in a present-day land cover map; the
broken arrow indicates the extraction of present-day land-cover proportions for each deforestation
period; the thick gray arrow indicates the implementation of the main results in an illustrative
application. Numbers in circles represent the methodological sections covering the different
processes and red numbers in italics represent the sections discussing the respective results.
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et al. (2007) and Lebamba et al. (2009) is complemented with additional information
and provided in Table 1.
All the classes are successional fallow stages (Figure 6(c)) and are part of a
continuous cycle of subsequent land-cover changes caused by the shifting cultivation
system after initial removal of primary forest (when TMFO is converted to BS): each
plot of land within the shifting-cultivation patchwork (located in between the village
and the rainforest) can at any time be situated in one of these stages. A cycle starts
directly after initial deforestation and, often with declining intensity, persists until the
present day (Van Vliet et al., 2012). Transitions from BS to TYSF are constructive
(i.e., caused by growing and changing vegetation type), while the transition from TYSF
to BS is destructive since it represents the anthropogenic removal (slashing and
burning) of tree fallows to initiate a new cultivated field.
The old secondary forest stage (TOSF) is not included in this study. Although this
land-cover type is occasionally present in the study area, it is mostly concentrated in
forest reserves and protected areas; it is not found along the major recent (0–35 year)
deforestation axes, and the observation frequency during the field campaign was of
marginal significance. This state can be explained by the high deforestation pressure
that currently exists in the region and the time needed to reach the TOSF stage (around
30–40 year): before a swidden plot gets the chance to develop to this stage, it is
already incorporated in a new fallow cycle (Figure 6(c)).
3.2.2. Classification procedure
The Landsat image of 2012 was used to create a present-day land-cover map (arrow
(3.2) in Figure 5) by using the maximum likelihood technique (Richards, 1999) and
delineating training areas for the discretized fallow vegetation stages (Section 3.2.1),
roads, and water surfaces. We undertook this with the aid of high-resolution imagery
(through Google Earth and WorldView images), visual interpretation, and expert
knowledge from the field campaign. The high-resolution images were first compared
with the ground-truth points to verify that the correct vegetation could be recognized
from these images and then used to select large areas of homogeneous land cover to
delineate corresponding polygons on the Landsat images. This procedure needed careful
interpretation since acquisition dates of high-resolution imagery were mainly from April
2011. Hence, only older vegetation stages, which most likely did not develop into a
next fallow stage during the one year, could be identified using this method. For recent
forest clearings (between 2011 and 2012) and younger and more dynamic vegetation
stages, only a direct comparison of in situ data and Landsat imagery was possible.
3.2.3. Classification validation
After establishing the vegetation classes and classification of the present-day image,
validation of the classified image was undertaken using standard confusion matrices.
A time lag of 3.5–4.5 months existed between the Landsat image acquisition
(29 January 2012) and registration of the ground-truth points. Since vegetation grows
much faster than in temperate environments, it is difficult to use ground-truth points for
dynamic (younger) stages, which probably changed drastically during the time lag, with
transition times of months. For instance, BS is very quickly covered with pioneer
herbs, crop fields have a rapid development from almost BS to completely covered soil,
and young fallow can develop quickly into medium fallow. For these classes, validation
10 T. Akkermans et al.
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was performed using independent and randomly chosen test polygons from the same
Landsat image.
We validated classification of land-cover types that are more stable and less likely
to have changed during the lag time (TFRE, TYSF, and TMFO), with transition times
of years, with observed ground-truth points.
3.3. Relating present-day land-cover proportions to deforestation age
The evaluated classified image was then ready and approved to extract areal
proportions of present-day successional vegetation classes for each deforestation period
Figure 6. (a) Vegetation classes used in this study, scaled by height. Adapted from Dobois
(1996). BS: Bare Soil; TYC: Tropical Young Cultivated; TOC: Tropical Old Cultivated; TFRE:
Tropical Forest Regrowth; TYSF: Tropical Young Secondary Forest; and TMFO: Tropical Mature
Forest. (b) Vegetation classes used in this study, photographed during field campaign. (c)
Successional fallow cycle.
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(arrow (3.3) in Figure 5). In the Amazon and Indonesian rainforest, swidden plots are
mostly converted to a permanent land cover, such as pasture grassland, annual crops,
managed stands, and fruit plantations (Van Vliet et al., 2012). In the Congo Basin
rainforest, however, almost all areas that were deforested for slash-and-burn practices
also remained in the shifting cultivation cycle until total degradation (Van Vliet et al.,
2012). Given the fast growth rates in an equatorial climate and relatively short fallow
duration, comparing two satellite images of the region with a relatively small time lag
(a few months) will yield a highly variable spatial distribution of land-cover types (i.e.,
stages of fallow succession). Therefore, it is more important to quantify the relative
areal contribution of each succession stage to the total deforested area, rather than the
exact spatial pattern. This is in accordance with our main objective to capture the
long-term relative proportions of fallow stages (existing within the deforested area)
instead of the short-term dynamics (such as annual reclearance and regeneration).
3.4. Illustrative application of the main results
The main objective of this study was to quantify relative areal proportions of
successional vegetation types. A useful application of these results is multiple-class
conversion of forest in binary deforestation scenarios, of which the difference with
single-class conversion is shown in Figure 1(b). The following section aims to illustrate
the advantage of implementing an existing deforestation scenario using multiple-class
conversion (forest to a range of successional vegetation PFT’s) compared to
single-class conversion (forest-to-crops only). Therefore, we projected gridded reference
data-sets of CH and LAI (Section 2.2.3) to the future using a binary deforestation
scenario. Although being of less topical interest than above-ground biomass or carbon
stocks, LAI and CH are widely used within the environmental modeling community;
these basic parameters are better supported by observations and have a large indirect
influence through many other dependent parameters (e.g., roughness length, rainfall
interception, canopy transmittance) on the output results of models. Zhang et al. (2006)
provided a simple binary deforestation projection of 2050 (Figure 4(b)), which we
refined, using the results obtained in our study, through multiple-class conversion. As a
result, more realistic post-deforestation grid-cell-averages are expected.
First, we used observations to validate the information about primary forest in the
reference data-set and to construct information for the vegetation type TYSF, which is
not available in the reference data-set. Then, implementation of the deforestation
scenario was initiated by removing the portion of existing primary forest (Figure 4(a))
within grid cells corresponding to the deforested cells in Zhang et al. (2006; Fig-
ure 4(b)). In the first case, it was replaced by a single land-cover type – crops (single-
class forest conversion) – as undertaken in many deforestation studies. In the second
case, it was replaced by a combination of successional fallow vegetation classes (multi-
ple-class conversion), of which the average internal areal proportions will be provided
by this study (e.g., x% BS, y% cropland, z% TYSF). In both cases, all existing forest
within deforested grid cells is removed and replaced.
Post-deforestation grid-cell-averaged CH and LAI were composed as explained in
Section 2.2.3, but included two new vegetation types, TYSF and TFRE, which were
not in the reference data-set of Lawrence and Chase (2007). We based LAITYSF on
measurements from the field campaign. As a spatially varying gridded field is preferred
over a single constant, we used the average proportion of LAITYSF/LAITMFO (51%) to
calculate LAITYSF from the spatially varying field LAITMFO. Since LAITYSF is never
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lower than the LAI of crops or grass, an additional constraint was added by taking the
maximum of all:
LAITYSF ¼ maxðLAITYC;LAITOC; 0:51  LAITMFOÞ (2)
TFRE, the stage between low vegetation and TYSF did not correspond as well to an
existing PFT in the reference data-set. Therefore, LAITFRE was based on the fact that
the land-cover class is a transitional mix between TOC and TYSF:
LAITFRE ¼ meanðLAITOC;LAITYSFÞ (3)
The same method was used to calculate the PFT-specific gridded fields CHTYSF and
CHTFRE.
4. Results
Auxiliary results (Sections 4.1 and 4.2) and main results (Section 4.3) discussed,
hereafter, are represented in the same flow chart as used in the methodology section
(Figure 5). An additional section illustrates the use of our results in an application
(Section 4.4).
4.1. Deforestation age assessment
The recently deforested areas are mostly situated near the frontier of the primary forest,
while the older deforested areas are located closer to the city or transport axes (rivers
and roads) as shown in Figure 3. A representative example is the Lindi River to the
north of Kisangani (Figure 7). This transport axis increases accessibility and the
population density is correspondingly high. The increased local need for agricultural
land explains the presence of a “deforestation front” advancing from the river towards
the rainforest. In this specific case, the local deforested area and rate were higher
during the periods 1975–1990 and 2001–2012, and lower between 1990 and 2001.
Figure 7. Representative example: high-resolution image (left), deforestation areas as indicated
in Figure 3 (right) with deforestation during 1975–1990 (green), 1990s–2001 (red), and
2001–2012 (blue). Note the subtle differences between black green primary forest and dark green
TYSF in the high-resolution image.
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Average deforestation rate shows an almost linear increase (Figure 8(a)), which is
related to the population growth in Kisangani (Figure 8(b)) as shown by Bamba,
Barima, and Bogaert (2010). We note that these rates are temporally averaged over
each of the three periods and hence subject to uncertainty due to internal temporal
variability (most deforestation randomly happened within such a period without taking
the complete time of that period). Most importantly, however, averaging makes the
deforestation during the three subsequent periods comparable.
4.2. Classification of present-day land cover
4.2.1. The present-day land-cover map
A representative example of the entire present-day land-cover map illustrates the
heavily scattered land-cover pattern (Figure 9). The classified map shows the obvious
relation between small streams and the presence of untouched forest. However, obsta-
cles such as these streams (and also steep slopes) can only canalize the deforestation
patterns temporarily: when the pressure of finding new agricultural land is too high, the
obstacles are crossed or bypassed, and the deforestation front advances further
forest-inwards.
The study area has 70% of its dry surface covered with primary forest. Almost
equally important are TYSF (9%) and TFRE or medium fallow (10%). Agricultural
land and degraded savanna-like grasslands occupy approximately 6% of the land
surface, and the smallest area is covered by abandoned cropfields (or young fallow)
and BS with, respectively, 3 and 2%.
4.2.2. Validation of present-day image classification
Best classification performance was found for water surfaces, followed by old
cultivations, BS and roads, and young cultivated fields, then, in decreasing order of
accuracy, by primary forest, TYSF, and TFRE (Table 2). Classes validated with
test-polygons (BS, TYC, and TOC) show good performance, with producers’ and
users’ accuracy of 85% and higher. Classes validated with ground-truth points (TFRE,
TYSF, and TMFO) have lower accuracy (60–85%), for two reasons. First, these classes
are more difficult to classify because their spectral intra-class variance and inter-class
overlap are higher compared to classes, such as roads and water surfaces. Second, the
ground-truth points themselves are a source of uncertainty: during the time lag between
image acquisition and terrain observation (3.5–4.5 months), some of the observed plots
could have shifted to a next successional stage, even when only considering the
Figure 8. (a) Average deforestation rate (km²/year) and absolute deforested area (km²) in the
study area during each deforestation period. (b) Evolution of the population in Kisangani.
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“stable” land-cover types, which could partly explain the gradual increase of accuracy
with stage (TFRE < TYSF < TMFO).
We additionally validated TMFO by calculating the percentage of spatial overlap
between supervised-classified TMFO (Section 4.2.1) and unsupervised, classified
TMFO (Section 4.1). The 97% correspondence justifies the unsupervised classification
ISODATA technique discussed in earlier sections. The overall accuracy (94.4312%)
and Kappa coefficient (0.9221) indicate an excellent overall agreement (Ortiz,
Formaggio, & Epiphanio, 1997).
4.3. Relating present-day successional land-cover proportions to deforestation age
For the main objective of this study – assessment of the amount of each post-clearing
successional land-cover type relative to the total deforested area (“areal land-cover
proportion”) – the classes “BS” (recently cleared plots) and “roads” were merged in
Table 2. Performance statistics from classification of 2012 image. PA = Producers’ Accuracy,
UA =Users’ Accuracy. Red/bold numbers are the result of ground-truth-point validation, the rest
of the classes are validated using separate calibration and validation areas.
PA (%) UA (%)
Water 99.19 100.00
Roads 100.00 94.20
TFRE 63.39 62.83
TYSF 71.01 76.43
TMFO 85.09 82.20
TOC 96.43 99.12
TYC 93.62 87.74
BS 98.45 89.44
Figure 9. Representative example with land-cover classification of the present-day Landsat
image (2012). Small-scale hydrography is shown with blue lines.
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“BS” since their individual share was very small and, in reality, the (mostly sandy)
roads indeed consist of unvegetated soil.
First, the results are generalized by ignoring the dependency on time since defores-
tation and by calculating the average present-day areal share of each land-cover type to
the total area deforested between 1975 and 2012. We then obtained 4.9% BS, 22.3%
TYC, 9.4% TOC, 33.1% TFRE, and 30.4% TYSF. These numbers can be used to
express the proportions of successional vegetation types in any tile-approach grid cell
from environmental and climatological models, as illustrated in Figure 1(b).
The areal proportion of each land-cover class depends on the transition rates within
the successional fallow cycle (Figure 6(c)), and hence evolves over time. A higher
present-day areal share of degraded grassland and TYC, and of abandoned TOC, is
found in areas deforested a longer time ago (Figure 10): together, their combined areal
proportion of total deforested area increases from around 25 (in areas deforested during
2001–2012) to 38% (in areas deforested during 1975–1990). The TFRE does not show
a clear trend or correlation with time since deforestation. A marked lower present-day
areal share of TYSF exists in areas that were deforested a longer time ago: TYSF
amounts for 36% of the area deforested during 2001–2012 and only 20% of the area
Figure 10. Schematized results. The area of the disks represents the absolute amount of
deforested area (km²) during each of the three deforestation periods (Figure 8(a)). Within each of
these disks, the different stages of the successional cycle (Figure 6(c)) are indicated in the colored
pie charts: the angle of each portion represents the time- and area-normalized proportion of the
respective land cover to the total deforested area in that period (%). These areal shares are also
shown in the graph (bottom-right).
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deforested during 1975–1990. It is likely that this effect will be more pronounced in a
few years, as fields deforested during the final years of the 2001–2012 period had not
had time to reach the secondary forest stage.
A first explanation is that areas which were deforested longer ago (1975–1990) are
often located closer to the village and, due to their proximity, are generally preferred
for cultivation (shorter daily walks). Consequently, they are taken back in a next fallow
rotation at a younger age, hindering development to mature stages. Second, the capacity
of the soil to generate fallow biomass and gain tree dimensions plays a role. The
recommended fallow period for a certain production of crops increases with the number
of fallow cycles after deforestation (Styger et al., 2007; i.e., time after clearing). In
reality, however, the continuous demand for more agricultural land forces more and
shorter fallow periods, which causes a fast decline of soil fertility. With advancing soil
degradation, regrowth stages require more time to reach mature woody fallow stages
(lower growth rates). When the woody stage is not yet reached and the immature
fallow is burned once or several times, it may not appear again, leaving a severely
degraded soil with impoverished grasslands (Styger et al., 2007), corresponding with a
higher share of TYC (Figure 10). Third, some fast-growing species, such as Musanga
cecropiodes and Macaranga sp., are more abundant on recently cleared primary forest
and can very quickly develop typical TYSF characteristics, hence turning the fallow
stage of a plot into the TYSF stage. The higher abundance of the above-mentioned
species on recently cleared plots can most likely be explained by the gradual depletion
of soil seedbanks (Styger et al., 2007) and a decrease in foreign seed rain. Seed rain by
animal dispersion (birds and mammals) contributes significantly to establishment of
Musanga and other forest reconstituting species. The presence of remnant forest trees
and less intense human activities were shown to have a positive impact on seed rain in
shifting cultivation fields in Cameroon (Carrière, André, Letourmy, Olivier, & McKey,
2002). Both factors are likely to contribute to the slower reconstitution of forest in
fields that have undergone several cultivation cycles, as they are generally located
closer to villages and further away from primary forest.
For two sub-regions (Figure 3), the same analysis was taken back further in time to
the 1959–1975 period (Figure 11(a) and (b)). The most remarkable differences between
the deforestation periods, noticed in the overall statistics (cf. the higher TYSF share in
recently deforested areas, Figure 10), are still valid for the two subregions. The
observed “trends” cannot be extrapolated to the past: the lower share of TYSF does not
Figure 11. Areal share (%) of individual land-cover classes to deforested area during each
period, for sub-regions in (a) the East (left) and (b) West (right).
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decrease further with older deforestation age, but stabilizes compared to the level of
1975–1990 (Figure 11(a) and (b)). Areal proportions of the two sub-regions show a
similar lower relative abundance of TYSF in areas with older deforestation age
(difference of 18–20%).
4.4. Illustrative application of the main results
4.4.1. Validation and completion of gridded reference data-sets
Our observations in the primary forest were used to validate the values of CH and LAI
in the reference data-set of Lawrence and Chase (2007), in which primary forest
constitutes one of the PFT’s. For CH, the mean observed value is 34.2 m (boxplots in
Figure 12 show medians), which is similar to the mean PFT-specific value in the refer-
ence data-set of 35 m. Concerning LAI, the mean observed light transmittance is
1.43%, which, after implementation in equation 1 yielded a mean LAI of 5.44
(Figure 12). This is very similar to the mean PFT-specific value (5.43) in the reference
data-set. Our (indirectly) measured mean LAI for primary forest is also similar to the
mean values found by Wirth et al. (2001) in Panama (5.41), Bohlman, Adams, Smith,
and Peterson (1998) in the Amazon (5.3), and De Wasseige and Defourny (2002) in
the Central African Republic (5.4). These LAI values exceed typical grid-cell averages
for dense forest in the reference data-set (Section 2.2.3) because of averaging over
multiple PFT’s within the grid cell (which, apart from the 70 to 80% primary forest,
also contains non-primary forest PFT’s).
Young secondary forest (or tree fallow) is not present in the reference data-set of
Lawrence and Chase (2007), and hence a validation with observations for the TYSF
Figure 12. Tree height (left) and canopy light transmittance (center) measured during the field
campaign. LAI (right) is derived from light transmittance.
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class was not applicable in this case. Mean observed CH (17.5 m), canopy light
transmittance (8.15%), and, hence, LAI (2.8 m²/m²) all differ significantly from the
values for primary forest (Figure 12). This indicates the important consequences of
replacing primary with TYSF, as well as the relative ease of discriminating between the
two classes in the field campaign. When relating the observed LAI and CH of
secondary forest (TYSF) to primary forest (TMFO), the proportions LAITYSF/LAITMFO
and CHTYSF/CHTMFO are both about 51%.
4.4.2. Multiple-class vs. single-class forest conversion
Future projected CH (CH2050) and LAI (LAI2050) were calculated as area-weighted
grid-cell averages (analogous to CH2000 and LAI2000 in Section 2.2.3), with d being the
initially existing areal portion of rainforest in each grid cell (Figure 4(a)), which was
replaced by a mix of successional fallow vegetation, and s being a “flag,” indicating
whether the grid cell was deforested or not (1 or 0) in the scenario:
LAI2050 ¼ d  s  ð0:0487  LAIBS þ 0:2228  LAITYC þ 0:0938  LAITOC
þ 0:3311  LAITFRE þ 0:3036  LAITYSFÞ þ ½ð1 d  sÞ  LAI2000 ð4Þ
CH2050 was calculated in a similar way. The factors in Equation 4 are the internal areal
proportions as derived from the results of this study. In this way, successional
vegetation is implemented in the deforestation scenario with multiple-class forest
conversion. The resulting gridded field of CH (LAI) is shown in Figure 4(d) and (e).
To quantify the difference with single-class forest conversion, the scenario was
implemented again, but now the deforested portion of the cell was replaced by a single
land cover only: crops. The result for CH (LAI) is shown in Figure 4(e) and (f).
Within deforested grid cells, average CH decreased from 25.5 (Figure 4(c)) to
13.36 m when using the deforestation scenario with multiple-class conversion (Fig-
ure 4(d)). With the binary forest-to-crops conversion, the mean value would decrease to
7.79 m (Figure 4(e)). As expected, implementing a multiple-class conversion with
relative areal proportions from our study resulted in less drastic but more realistic
projections. When considering LAI, the difference between both approaches was less
distinct, as the average value of 4.3 within deforested grid cells decreased to 2.86 with
the multiple-class conversion and to 2.63 with the single-class conversion.
5. Discussion
These findings could have serious consequences for impact studies, such as those
investigating the change of carbon stocks associated with deforestation and
regeneration. Assuming a linear relation between tree height and carbon stock (which
is of course a very simplified and carbon-overestimating model), the use of this
deforestation scenario with a single-class conversion method would overestimate the
decrease in carbon stocks by 46% compared to a scenario complemented with a
multiple-class conversion. In more complex models, such as state-of-the-art regional
climate models, the difference of using a deforestation scenario with single-class or
with multiple-class forest conversion could result in profoundly different energy fluxes
and exchanges of water between the earth surface and the atmosphere. Consequently,
these studies would probably find a more realistic impact of forest removal on the
regional climate.
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This study only discusses a small part of the Congo Basin rainforest and is
therefore not representative for global tropical deforestation land-cover sequences. It is
rather meant to show the potential of GIS studies to complement (or refine) the existing
relatively simple (binary) deforestation scenarios with multiple-class forest conversion
in their use for environmental and climatological modeling studies.
6. Summary and conclusions
This study sought to identify the present-day successional land-cover types along the
forest frontier in the Congo Basin and quantify their areal proportions. An additional
aim was to investigate the dependency of these proportions on time since deforestation.
A multi-temporal GIS approach was followed, allowing the categorization of the total
deforested region in three, near-decadal, deforestation periods.
Primary forest in all images was detected using an unsupervised identification
algorithm, resulting in four maps with primary forest vs. remainder (1975, 1990, 2001,
and 2012), and consequently subtracted to calculate three periodic forest change maps
(1975–1990, 1990–2001 and 2001–2012). In addition, the present-day image (2012)
was classified in five successional land-cover classes with a supervised classification
technique. The supervised classification was undertaken with a priori defined succes-
sional vegetation stages as land-cover classes, and the resulting land-cover map was
validated. Overall, the classification performance was satisfactory.
For each of the three deforestation periods, the corresponding grid cells in the
present-day land-cover map were extracted and analyzed; this resulted in a certain
relative areal proportion of current land cover for each deforestation period. When the
relation between present-day land cover and deforestation age was analyzed, some
significant differences became visible: especially, the present-day areal proportion of
TYSF was found to be lower in regions deforested more than 20 years ago. Possible
reasons for this are the preference to cultivate in nearby areas, resulting in fewer fallow
sites reaching the TYSF stage, and soil over-exploitation, resulting in degradation of
the vegetative composition. Furthermore, a changing species composition (with a
decrease of fast-growing species abundance) could be an important contributing factor.
The main results of this study consist of the long-term average areal proportions of
successional vegetation (over the three deforestation periods in the larger study area)
being 4.9% BS, 22.3% TYC, 9.4% TOC, 33.1% TFRE, and 30.7% TYSF. In an
illustrative application, we refined the future deforestation projection of Zhang et al.
(2006) using these results in a multiple-class forest conversion and created maps of
projected CH for 2050. Mean CH was overestimated by 46% when using single-class
compared to a multiple-class forest conversion. This indicates that the methodology we
proposed for refining existing deforestation scenarios is important for impact-modeling
studies, in which the uncertainty is often related to the implemented deforestation
scenarios.
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